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Abstract. The aim of the paper is to present offshore wind farm wake observed from satellite 
Synthetic Aperture Radar (SAR) wind fields from RADARSAT-1/-2 and Envisat and to 
compare these wakes qualitatively to wind farm wake model results. From some satellite SAR 
wind maps very long wakes are observed. These extend several tens of kilometres downwind 
e.g. 70 km. Other SAR wind maps show near-field fine scale details of wake behind rows of 
turbines. The satellite SAR wind farm wake cases are modelled by different wind farm wake 
models including the PARK microscale model, the Weather Research and Forecasting (WRF) 
model in high resolution and WRF with coupled microscale parametrization. 
1. Introduction
The wake of the offshore wind farms are observed from Synthetic Aperture Radar (SAR) satellite data 
[1, 2, 3]. In the present study SAR data are extracted from the Canadian RADARSAT-1/-2 satellites 
and the European Space Agency satellite Envisat. The basic measurement principle consists of emitted 
microwave radiation at C-band (wavelength around 5 cm) that is backscattered from the natural 
surface and objects herein. For natural ocean surface it is the wind field dominating the backscatter but 
also ocean current, natural slicks from algae and oil seepage may influence backscatter. Furthermore, 
ocean swell waves, tidal flow over shallow water areas and sea ice produce imprint. The ocean objects 
observed are ships, wind turbines, oil/gas platforms and other man-made structures at sea. For the 
ocean surface, the roughness of the sea appears darker for lower wind speed and brighter for higher 
wind speed because the backscatter from capillary and short-gravity waves at the surface of the ocean 
relates to surface wind speed. More wind produces more short waves. Small white dots seen in SAR 
images over the ocean are most likely ships or wind turbines. The backscatter is very high for hard 
targets [4]. 
1  To whom any correspondence should be addressed. 
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The investigation on wind farm wake is based on high-resolution SAR satellite data as this data source 
provides interesting overview of one or several wind farms at a specific time, i.e. the few seconds of 
observations while the satellite orbits above the area. The observed backscatter images may be 
processed into wind speed maps. The wind speed is retrieved from SAR using a geophysical model 
function (GMF) and with a priori input of wind direction information as well as information on the 
viewing angle geometry and azimuth angle [5]. 
This paper presents three cases where wakes are captured in SAR images. The wake modelling 
undertaken in the study includes the PARK microscale model [6] for the first case while the WRF 
mesoscale model [7] coupled to microscale parametrization is used for the second case. These results 
are from DTU.  WRF is operated at high spatial resolution at CENER and CIEMAT and here used for 
the third case. The comparison of observed wind farm wake and model results is qualitative. 
2. Wake case at Horns Rev 2 with fine-scale structure
The first wind farm wake case considered is from Horns Rev 2 in the Danish North Sea observed at 3 
August 2011 at 09:49 UTC. The roughness image is shown in Figure 1. 
Figure 1. The roughness map is observed from Envisat ASAR IMG. The wind direction is from the 
east-southeast. Two horizontal transect lines are included upwind and downwind of Horns Rev 2. 
In Figure 2 is shown the Normalized Radar Cross Section (NRCS) in dB along the horizontal transect 
west (downwind) of the wind farm while the NRCS along the upwind transect is shown in Figure 3. 
The polarization is horizontal transmit and receive (HH). From the SAR image the wake direction has 
been estimated at 111° and using this input for wind direction, wind speed has been retrieved using 
CMOD-IFR2 [8] and using polarization ratio 2 of [9]. The calculated equivalent neutral wind value is 
presented in Figure 2 and 3 for the downwind and upwind transects, respectively. 
Looking at Figure 1 the wind farm wake is observed as fine-scale linear features aligned with the rows 
of wind turbines. The wake is most clearly visible in the northern half of the wind farm wake region. 
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In the downwind transect shown in Figure 2 the NRCS varies in a systematic pattern with up to 1 dB 
variation at very short distance. The retrieved wind speed shows variations from 4.8-6.0 ms-1.  Very 
interestingly the upwind horizontal transect shows wind speed values around 4.4 ms-1 with much 
smaller variation (around 0.3 ms-1). The small variation in the upwind transect is most likely due to the 
natural uncertainty in the SAR data (so-called speckle noise) while the larger variation in the 
downwind transect most likely is due to influence from the wind turbines. It may also be noticed that 
there is speed up effect from the upwind to downwind transect. Speed up for winds blowing offshore 
is well-known [10].  
Figure 2. Horizontal transect from Figure 1. It is 15 km long and located downwind of the wind farm: 
(left) NRCS observed in the roughness map; (right) the wind speed retrieved from CMOD-IFR2.  
Figure 3. Horizontal transect from Figure 1. It is 8 km long and located upwind of the wind farm: 
(left) NRCS observed in the roughness map; (right) the wind speed retrieved from CMOD-IFR2.  
To investigate the case further, the PARK microscale wake model has been used to assess the case. 
Figure 4 shows the map with position of wind turbines and results from PARK along the transect. The 
wind speed is near cut-in. The variation in wind speed behind the nearest turbines and between the 
rows is variable from 5.7-6.0 ms-1 in a regular pattern. This compare well to the observed wind speed 
variation in Figure 2. It is of course not obvious what ‘free stream’ wind speed value to use if the wind 
farm wake velocity deficit should be calculated, as the upwind wind speed is not constant along the 
wind direction due to coastal speed up effects.  The ‘free stream’ wind speed observed north or south 
of the downwind transect vary from 4.2-4.5 ms-1. In summary, the PARK model reproduces the fine-
scale wind farm wake features observed in SAR. From the modelling point of view the challenges are 
that there is a clear coastal wind speed gradient and the flow is not homogeneous at the time of 
observation. Finally, it may be noted that in Figure 1 between Horns Rev 1 and 2 wind farms, a wavy 
large scale bright area is seen. This could be wake or it could be due to ocean current and bathymetry 
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effects at the shallow areas of the Horns Rev. Thus care should be taken in the interpretation of this 
bright area to have higher wind speed that the local areas nearby with darker tones.   
 
 
Figure 4. (left) The map of wind turbines at Horns Rev 2 and transect with four points highlighted. 
(right) the wake results from PARK along the transect with the four points indicated.  
 
3. Wake case at Belwind1 and Thornton Bank with very long wakes 
 
At the offshore wind farms Belwind1 and Thornton Bank 1+2+3 in the Belgium North Sea, two very 
long wind farm wakes, 79 and 65 km, respectively, were observed by an acquisition from 
RADARSAT-2 on the 1st of July of 2013 at 17:34 UTC. The flow is from the southwest. Figure 5 
shows the intensity of the radar return signal and wind speed. The retrieved SAR wind map using 
CMOD-IFR2 is presented in Figure 6. This map clearly shows the wind deficit in the wind farms wake 
regions. The wind speed in the free stream region compared to the wake regions vary up to 1.5 ms-1 
from 5.0-6.5 m s-1. The wakes turns possible due to Coriolis effects, roughness changes and mesoscale 
meandering. 
 
 
 
 
 
 
 
 
 
Figure 5. Long wind farm wakes observed behind Belwind1 and Thornton Bank from RADARSAT-2 
intensity map (left) and  wind speed map (right). 
At DTU Wind Energy the WRF mesoscale model [7] has been used to model the divergence of the 
wakes induced by the Belwind1 and Thornton Bank wind farms. The challenge of wake modelling 
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with mesoscale models is the limited model's horizontal resolution. To avoid resolving the completely 
parametrized turbulence, the horizontal grid spacing, should be much larger than the turbulence length 
scale [11]. Consequently, the local turbine induced wake remains completely unresolved by the model 
and interaction takes place only between grid-cells. For the parametrization of the wind farms we use 
the Explicit Wake Parametrization (EWP) [12]. It applies a grid-cell averaged deceleration to the 
model's flow equation and additional turbulence is produced by the Planetary Boundary Layer (PBL) 
scheme from the changed vertical shear in horizontal velocity. This renders the EWP parametrization 
PBL-scheme independent. 
For the simulation we use WRF V3.4. The model was set-up with two nests inside the most outer 
domain I, which is driven by ERA-Interim reanalysis data [13]. The horizontal resolution is for the 
three domains 18, 6 and 2 km, respectively. The most inner (most expensive) nest is run twice, without 
and with the wind farm parametrization. The number of vertical layers is set to 60, with around 30 
layers in the first 600 m. The second mass level is at around 12 m above sea level and is used for the 
comparison to the satellite images. The PBL-Scheme with the second order closure Mellor-Yamada-
Nakanishi-Niino (MYNN) [14] was used. For completeness we summarized the most important 
physics parametrizations and nudging options used: Convection [15] (Domain I and II) and 
microphysics [16], long wave radiation [17], shortwave radiation [18], surface scheme [19] and 
nudging of U and V Domain I outside the PBL. 
The most inner domain extends 262 by 208 grid-cells in the west-to-east and south-to-north direction, 
respectively. The simulation period is three days, starting at the 29th of June. Figure 6 shows the 
simulated normalized velocity and the velocity deficit at 10m above sea level (ASL) over the sea 
surface only.  
Figure 6. WRF model results on wind farm wakes behind Belwind1 and Thornton Bank:  (left) 
normalized velocity at 10m ASL with velocity contours in ranges from 0.8 to 0.99; (right) velocity 
deficit at 10m ASL with contours in ranges from -1.25 to -0.1 ms-1 over the sea surface only. 
From the satellite image (Figure 5) a clear wake of around 70 km long behind the Thornton Bank wind 
farm is found and the wake behind the Belwind1 wind farm appears to be even longer. Besides a 
bending, also a divergence of the wakes can be noticed. Similar features can be found in Figure 6 from 
WRF. Compared to the satellite image the wake's orientation is somewhat too far to the south in the 
model simulation. The wake interacts with the Dutch island Schouwen-Duivenland instead of with the 
most northerly delta island Goeree-Overakkee. Furthermore, the simulations show an even bigger 
divergence of the two wakes compared to that from the satellite image. Also the Belwind1 wind farm 
wake, when referring to the most outer contours of -0.1ms-1, seems to extend further compared to the 
satellite image. However, the considered deficit is very small and perhaps not visible in the satellite 
image. 
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The wind farm induced wakes from the satellite images include mesoscale features, such as a 
divergence of wakes from two nearby wind farms and are also the result of unsteady flow conditions. 
In this section we compared the satellite images visually to a velocity deficit obtained from a WRF 
simulation without wind farm to one with wind farms parametrized with the EWP scheme. The results 
show that the mesoscale model can capture the mesoscale features. However, we cannot expect the 
“snap-shots" of the WRF simulations to match the observed velocity and wind directions in the SAR 
images perfectly. Therefore, the results for single events should be used qualitatively and a 
quantitative comparison could be made from statistics over longer periods. 
 
4. Wake case at alpha ventus and Horns Rev-1/-2 with long wakes 
 
The RADARSAT-1 image is acquired on 15th August 2012 at 05:49:27 UTC. There are long wind 
farm wakes observed at alpha ventus and Horns Rev-1/-2 and less visible wakes behind Bard 
Offshore, see Figure 7. The wind direction is from the southeast. The corresponding SAR wind 
retrieval maps covering the Horns Rev and alpha ventus wind farms are also shown in Figure 7. The 
free stream wind velocity is around 7 ms-1 while the wake region has winds 5 ms-1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Long wind farm wakes observed behind alpha ventus, Horns Rev-1/-2 and too lesser extend 
BARD Offshore from RADARSAT-1 intensity map (left) and wind speed at Horns Rev-1/-2 (upper 
left) and alpha ventus (lower left). 
At CENER the WRF model, version 3.4 [7] is configured using 4, two-way nested domains with 
resolutions of 10km, 3.33km, 1.11km and 370m with 35 vertical levels spreading from the surface 
until the top of the atmosphere. The domain is centred at 54.01°N, 6.606°E with sizes 250x250, 
268x2688, 286x286 and 328x328. The simulation is driven by GFS 12UTC input data which have a 
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horizontal resolution of 0.5° by 0.5°. The physics parameterizations used are:  Microphysics (WRF 
Single-Moment (WSM) [20]); Long wave radiation (Rapid Radiative Transfer Model [17]); 
Shortwave radiation (Dudhia scheme [18]); Surface layer MYNN [14], Land surface (Noah [19]), PBL 
(MYNN 2.5 level TKE scheme [14]) and Cumulus (Kain-Fritsch (new Eta) [21]). 
 
 
 
Fgure 8. Wind farm wake modelled by WRF at alpha ventus with wind speed scale in ms-1. 
 
A very clear wake is visible stretching for several kilometres behind the alpha ventus wind farm in 
Figure 8 as modelled in WRF. In this case, the simulated wake seems to be able to emulate both shape 
and direction of the observed wake. The output from the mesoscale model can only be visually 
compared with the satellite images that correspond to the same situation. The result is useful as a first 
approach to the development of a robust methodology to predict or simulate the effects on wind speed 
of neighbouring offshore wind farms in an area of interest. 
The Horns Rev-1/-2 wind farm wake has been investigated by CIEMAT using WRF. The WRF model 
(version 3.4) [7] has been configured using a total of five two-way domains interacting with a three to 
one spatial refinement in order to reach a horizontal resolution of 333 m in the innermost domain that 
comprises the Horns Rev wind farm. We prescribed a total of 36 vertical levels, five of them within 
the first 200 m of the atmosphere. The five domains used in the WRF simulation with 27,000, 9000, 
3000, 1000 and 333 m of horizontal resolution. The number of points (west-east by north-south) for 
each one of the five domains are 70x65, 49x49, 58x49, 43x43, and 43x43. Usually, each simulation 
consists of a sequence of short runs of the model. In each set of runs, the model is initialized at 0 UTC 
every day and run for 48 h storing the output every hour. The first day is discarded as a spin up of the 
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model, whereas the output for the second day is retained as the simulation for that day. The initial and 
boundary conditions necessary to run the mesoscale model come from the ERA-Interim reanalysis 
project [22]. In this particular case, as the goal is to get the instantaneous WRF output to compare to 
the SAR image of the wake, the model is initialized the day before. A number of sub-grid scale 
processes are parameterized by WRF. The shortwave and longwave radiation schemes follow the 
works by [18] and [17] respectively. Microphysical processes are represented with the WRF single-
moment six class scheme [20], whereas the cumulus effects are parameterized only in the outermost 
three domains [14, 23]. The air–sea momentum flux is parameterized following the work by 
Charnock. The effects of the turbulent vertical mixing within the planetary boundary layer are 
parameterized using a 1.5 order scheme that predicts the turbulent kinetic energy [14] and advects it 
with the wind. The scheme is based on the work by Mellor and Yamada [25] but includes a better 
formulation of buoyancy effects and a master length scale that depends on atmospheric stability. The 
effects of the wind turbines over the atmospheric flow are parameterized following the work by [26]. 
The wind turbines are represented as an 
elevated sink of momentum and a source 
of turbulent kinetic energy that responds 
to the wind speed according to a 
specified function approximating the 
effects of the turning rotors on the flow. 
The scheme is comprehensively 
documented in the work by [26]. This 
method has been shown to produce a 
realistic representation of wind farm 
wakes [20, 26] but a comprehensive 
evaluation of its performance has not 
been performed yet. 
In order to obtain the wind speed deficit, 
that is plotted to compare with the 
satellite wake images, the WRF model is 
run twice, the first one without the wind 
farm (Horns Rev I) , and the second one 
with the wind farm inside. The result is 
shown in Figure 9. The wake shape is 
very similar to the one on the satellite 
image. 
Figure 9. Wind farm wake modelled by WRF at Horns Rev-1/-2 showing velocity deficit in ms-1 near 
the time of satellite observation on 15 August 2012.
5. Summary and conclusion
The simulations performed by the micro- and meso-scale models tried to reproduce the real effects of 
several wind farms on the downstream wind observed through SAR satellite images. In some of the 
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satellite observations, clearly wakes were visible stretching for dozens of kilometres, which by itself is 
a proof of the importance of this type of phenomena. Only qualitative comparison is possible. 
The wind farm parameterization used by the WRF mesoscale model could provide a useful tool when 
studying the effects of a single or cluster of wind farms on the wind speed in a neighbouring area. The 
simulated wakes seem to emulate fairly well the shape and directions of the observed ones, but there is 
still room for improvement. The final goal is to obtain estimation of the expect wind speed deficit on 
an area of interest by the surrounding operating or planned wind farms. This estimation could 
constitute a decisive factor when deciding the layout or location of a new wind farm, or in the 
prediction of expected losses on wind energy production. In order to accomplish this final goal, 
measurements of wind speed or production in operating offshore wind farms would be crucial in order 
to properly calibrate the current state of the art mesoscale models. 
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